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Suppressing magneto-mechanical vibrations and noise in magnetostriction variation for three-phase power transformers Chang-Hung Hsu, 1,2,a) Jui-Jung Liu, 3 Chao-Ming Fu, 4 Yi-Mei Huang, 5 Chia-Wen Chang, 6 and Shan-Jen Cheng This study investigated the effect of magnetostriction-induced core magnetomechanical vibrations and noise on the magnetic properties of power transformers. The magnetostriction of grain-oriented Si steels was found to be extremely sensitive to compressive stress applied along the rolling direction and to tensile stress applied along the transverse direction. The compressive stress increased the variation in the magnitude of magnetostriction, which is correlated with core vibration and noise. A 2D model of the power transformer was used to simulate the noise and vibration variables through a finite element analysis. V C 2015 AIP Publishing LLC.
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Energy saving and noise reduction in power transformers are crucial issues that require urgent solutions. 1 An attractive magnetic property of Si steel sheets with grains of approximately 0.5-mm diameter is that they show a large induction Bm of approximately 1.9 T while exhibiting a 35% lower core loss than conventional grain-oriented materials. 2 To improve the transformer core structure, a finite difference method (FDM) was used to analyze the variation in flux density for different lap-joint structures of Si steel cores. [3] [4] [5] It was indicated that the flux density is much lower for a step-lap joint than for a conventional lap joint. The step-lap joint is advantageous in that it affords lower core loss and magnetostriction than a conventional lap joint. The hysteresis curves of ac magnetostriction were previously reported for a step-lap joint. 6 In addition, the variation in ac magnetostriction is correlated with harmonics, and the spectra of noise induced in a power transformer were analyzed by using finite element analysis (FEA). [7] [8] [9] The variation in the magnetostriction as a function of the core properties and manufacturing techniques has been widely investigated, as shown in Figure 1 . The magnetostriction of grain-oriented Si steel was found to be extremely sensitive to compressive stress applied along the rolling direction (RD) and to tensile stress along the transverse direction (TD). 10 The compressive stress increases the magnitude of magnetostriction, which can also be affected by the noise in the core. This creates the need to develop a reliable technique with the MSL joint to reduce the magnetostriction in grain-oriented Si steels under various stress conditions. The magnetostriction and hysteresis loop result from bringing the shorter tetragonal axis to coincide with, or be close to, the direction of the applied magnetic field, as shown in Figure 2 . Therefore, the magnetostriction depends on the angle, as per the following equation:
where h is the angle between M s and H and k s is the saturation magnetostriction.
Transformer cores having a joint with a step-lapped structure have shown rotations of magnetization with strong restrictions in location and time. 10, 11 The pressure corresponding to Maxwell's forces between two successive laminations can be expressed as
Equation (2) shows that p components contain a prevailing fundamental frequency term that is twice the value of the excitation one. In this study, a transformer core with an MSL joint structure and V-lapped form is considered. Compared to core limbs, the yoke shows slightly higher values of B m , which can be attributed to weak rotational magnetization.
A significant amount of noise is related to the parameters of the core materials, 10 which implies that the core vibration acceleration is proportional to the magnetostriction, i.e., a core / e s . In general, the fundamental frequency of the winding vibration acceleration is 120 Hz, which is twice the rated power frequency. Magnetostriction forces are known to cause core vibrations, and the core vibration acceleration induced by magnetostriction can be expressed as 
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where e s is the coefficient of saturation magnetostriction of the soft magnetic material sheet, L is the length of the material sheet, U 0 is the magnitude of the voltage-driving source, x ¼ 2pf (f is the frequency of the voltage-driving source in hertz; 60 Hz in Taiwan), N 1 is the number of primary turns, A is the cross-sectional area of the core limb, and B s is the saturation magnetic flux density.
Transformer vibrations are mainly induced by the core, winding, and clamp system. In order to reduce transformer vibrations, this study aims to develop a structure-supported tank incorporated with the MSL core as a distribution transformer. The amount of audible noise is related to the core material and the tank structure. For an assembled transformer, the noise (in decibels) of the transformer is calculated as
where C denotes the material type. C ¼ 40 for Si steel and C ¼ 45 for an amorphous material. The parameters k 1 and k 2 are constants, and k 3 is a compensation factor when operating at a frequency of 60 Hz. W t denotes the core weight (in tons), U denotes the cross-section length of the core, and B m is the magnetic flux density (in Tesla). Recall Eq. (4) which explains the influence of physical parameters ½W t ; U; B m on the audible noise of a transformer. The core design needs to achieve a low audible noise dB i . In this paper, an optimization theorem is used to regulate each step of a particle towards the optimal position, which both of core and winding in geometry forming correlated with totally cost consideration have been developed. Particle swarm optimization (PSO) can be used for automatically regulating the magnetic noise dependent on the magnetic flux density and lowering transformer cost. To enhance the ability of PSO to reduce transformer cost, the simulation results and design values were compared. The PSO algorithm is based on swarm intelligence, which is an artificial intelligence technique that studies collective behavior in decentralized, self-organized groups. It utilizes a population of potential solutions, or particles, which move around the design space with every iteration. The movement of these particles is developed. Table I indicates that the transformer design parameters correlated with the response results, which are displayed in Figs. 2(a)-2(e) . In addition, to compare simulated results and design values of PSO, the PSO calculation results and transformers costs down improvement ratio are listed in Table II . The PSO method afforded a significantly lower cost.
Equation (2) indicates that the joint of the core is the key region affecting the dynamic behavior of the magnetic properties. In order to minimize the core loss and the vibration and noise of the cores, a step-lap joint consisting of five or six step structures has been used to improve the magnetic properties. In addition, the waveform of magnetostriction is a reflection of the waveform of local induction, and noise reduction afforded by the cores with multi step-lap joints is caused by the reduction of harmonics in the magnetostriction of cores, 5 as Eq. (3). Moreover, by using FEA in the transformer vibration simulation, the simulated results of the transformer vibration and noise were analyzed. Both the time domain and FFT frequency of the vibration were used for assembling transformer detection. It presents the experimental results in the time domain. FFT was performed to carry out the vibration analysis of an assembling transformer. magnetostriction variation has reduced suitably. The frequency spectra of the vibration were measured. From Eq. (4), the background environment noise was measured to be 32 dB. This study is aimed at the transformer industry, and it satisfies the noise testing procedures specified in the IEEE and IEC transformer testing standards. The frequency spectrum of transformer noise basically depends on the type of core material, magnetic flux density, winding structure, and tank radiator cooling fan component. Actually, the magnitude of the frequency component of transformer noise probably induces transformer resonance exceeding 5 dB. Figure 4 shows the transformer core noise frequency component up to 500 Hz for a number of 50 Hz transformers with a wide range of designs of three-phase three-limb cores operating at typical flux densities of 1.3 T. Figures 4(a) and 4(b) show measurements under the eight-point frequency spectrum of transformer noise with no-load test and 70% loading testing, respectively. A comparison of the measured results shows a difference of at least 4-8 dB because loading testing including the winding vibration and cooling fan operation of the tank shows higher noise. In Figure 5 , the noise level of the designed power transformer with no-load, operated with magnetic flux density of 1.3 (T), is less than 48 (dB), and B m lies in a wide range between 1.15 (T) and 1.55 (T); this is acceptable for realizing a comfortable residential environment. According to the measurement results, the transformer is suitable for installation and operation at the designated location in Kiama City, Australia.
A compressive stress increases the magnitude of magnetostriction, which is affected by the noise and vibration of the core. This study reports the results of a simulation performed to validate the cost reduction in the core geometry and winding structure for a 25-MVA power transformer by using the PSO method. The characteristics of noise and vibration variables were analyzed using FEA. We achieved a definite relationship between the magnetostrictive characteristics of the core with multi step-lapped joints consisting of five or six steps and the reduced core vibration and noise response. The transformers were successfully installed in a resident city, Australia. 
